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Extracellular Microreactor for the Depletion of
Phenylalanine Toward Phenylketonuria Treatment

Leticia Hosta-Rigau,*

Phenylketonuria (PKU) is a genetic enzyme defect affecting 1:10 000-20 000
newborn children every year. The amino acid phenylalanine (Phe) is not
depleted but accumulates in tissues of several organs, which leads to severe
medical conditions. A promising concept to restore the metabolism of the
affected patients will be to orally administer the defective enzyme which will
remove Phe in the intestine. Herein, capsosomes, a multicompartment
carrier consisting of thousands of liposomes embedded within a polymeric
carrier, are employed as encapsulation platform for this purpose. It is shown
that the enzyme phenylalanine ammonia lyase can be entrapped within

the liposomal compartments with preserved activity, demonstrated by the
conversion of Phe into trans-cinnamic acid (t-ca). With the aim to mimic the
dynamic environment in the intestine, the Phe conversion is performed in a
microfluidic set up in the presence of human intestinal epithelial cells with

applied intestinal flow and peristaltic motions. It is also shown that the micro-

reactors are neither internalized by the cells nor exhibit inherent cytotoxicity
while concurrently converting Phe into t-ca. Taken together, the first active
extracellular multicompartment microreactor is reported using the relevant

Maria J. York-Duran, Tse Siang Kang, and Brigitte Stddler*

treatment has been the cornerstone for
controlling systemic Phe levels in PKU
for the past four decades, but the diet
can be very difficult to maintain. There-
fore, alternative approaches of therapy are
being pursued.??l Current strategies for
the treatment of PKU are either based on
enzyme or gene therapy.Zl However, so far,
gene therapy has only been employed with
limited success due to poor efficiency of
gene delivery into the liver and lack of sus-
tained gene expression.! Thus, enzyme
therapy is currently the most promising
concept. The nonhuman enzyme phenyla-
lanine ammonia lyase (PAL) which can be
readily obtained from plants, some fungi,
yeasts, and E. coli,>®! converts Phe into
nontoxic trans-cinnamic acid (t-ca) which
is subsequently converted in the liver to
benzoic acid secreted via urine.l>>0)

Although many studies have been car-
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enzymes and settings toward the treatment of the medical condition PKU.

1. Introduction

Phenylketonuria (PKU) is the most common genetic enzyme
defect, with an overall incidence in Europe and the USA of
1:10 000-20 000 live births per year.!! Patients suffer from a
genetic defect in the liver enzyme phenylalanine hydroxylase
(PAH), which normally metabolizes the amino acid (AA) phe-
nylalanine (Phe) into the AA tyrosine. This specific enzyme
defect, which results in an increase in the level of systemic
Phe in the first years of life, can lead to severe mental retar-
dation, microcephaly, and seizures.?l The implementation
of newborn screening to detect PKU has facilitated the early
use of a dietary treatment to reduce the Phe uptake. Dietary
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ried out on the use of enzyme therapy for
replacing defective enzymes,”! the sys-
temic delivery of enzymes and proteins in
general possesses a number of problems and risks. Enzymes
are rapidly degraded in the bloodstream, which makes them
difficult to reach their site of action and remain active for a suf-
ficient amount of time.®) On the other hand, the administration
of therapeutic enzymes via the oral route, a more convenient
administration pathway for pediatric patients, remains chal-
lenging due to potential inactivation of these fragile macromo-
lecular entities in the harsh environment of the gastrointestinal
(GI) track.”) For PKU treatment, PAL is an ideal candidate to
be administered orally, since the optimal pH of PAL are 8.75
(PAL from Rhodotorula glutinis)'% and 8.0 (PAL from Rhodoto-
rula rubra),'l which are close to the average pH of the small
intestine. Additionally, the depletion of intestinal Phe by the
administered enzyme could significantly lower the plasma Phe
levels.'Zl Although the levels of AA in the intestine are many
times higher than those of the body fluids, it has been demon-
strated than most of the AA of the intestine do not come from
ingested food,'? thus making possible to orally administer
enzymes to remove/convert an specific AA.I’1 However, due
to the aforementioned challenges, the concept of oral enzyme
replacement therapy has been around for some time with
only a small degree of success,”! and a number of stabiliza-
tion strategies!' such as functional modifications of PAL with
poly(ethylene glycol) which altered the catalytic properties of the
enzymel® or formulation approaches!'® like the encapsulation
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of lactase in microcapsules which proved to be quite instable in
the gastric environment,['”] have been investigated.

An alternative approach to overcome the shortcomings
of enzymatic replacement therapy will be the protection of
the enzyme using an advanced encapsulation platform. The
development of artificial cells, which consist of carriers con-
taining multiple compartments with a structure reminiscent
of a biological cell, is an approach that aims to substitute for
missing or lost cellular function, often in the context of enzyme
replacement therapy.'¥! We recently developed capsosomes,
which consist of liposomes embedded within a polymer car-
rier capsule.l'”) In such a biomedical platform, biological active
materials (e.g., enzymes) can be trapped within the liposomal
compartments. Liposomes are ideal candidates to encapsu-
late fragile (large) biomolecules, such as enzymes, protecting
them from misfolding or denaturation while small molecules
can cross the lipid bilayer. However, liposomes have some
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limitations such as low stability and fast degradation in biolog-
ical fluids. On the other hand, the polymeric carrier provides
the required structural integrity and the semipermeable nature
of the polymer membrane allows for the controlled exchange of
(relatively large) molecules between the carrier's interior with
the external milieu. By using such a microreactor, the encapsu-
lated enzyme will be prevented from coming into direct contact
with degrading external entities present in the GI track such
as tryptic enzymes, since PAL has been reported to be to be
degraded by both trypsin and chymotripsin.?”! The microreac-
tors will be moving through the stomach, reaching the intes-
tine where they will act as an enzyme bioreactor removing the
unwanted substrate (Phe).

Herein, we report the assembly of PAL-loaded core-shell
particles and capsosomes (Scheme 1a), and we demonstrate
their use as extracellular microreactors for the depletion of
Phe toward the treatment of PKU. Specifically, we (i) demon-
strate that encapsulated PAL enzymes within
poly(dopamine)-based capsosomes are able
to repeatedly convert Phe into t-ca (ii) assess
the stability over time of PAL-loaded microre-
actors (capsosomes with or without core) for
storage purposes, (iii) evaluate the interaction
of the microreactors with human intestinal
epithelial cells with applied peristaltic flow
simulating the dynamic environment in the

intestine, and (iv) demonstrate that PAL-
J, loaded microreactors are able to conduct an
enzymatic reaction in the presence of intes-
tinal epithelial cells after and while being
exposed to peristaltic flow.

2. Results and Discussion
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2.1. Characterization of PAL-Containing
Capsosomes

2.1.1. Kinetics of the Encapsulated Enzymatic
Reaction
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Scheme 1. a) Microreactor assembly. (i) A precursor poly(L-lysine) (PLL)/ poly(methacrylic
acid)-co-(cholesteryl methacrylate) (PMA.) polymer layer is deposited onto silica particles
followed by the (ii) deposition of enzyme loaded liposomes and a separation polymer layer
(PMA,). (iii) The assembly is capped with a PMA_ polymer layer and the poly(dopamine) (PDA)
shell is assembled in a single, solution-step procedure. If desired, the core is removed (iv)
to obtain capsosomes. (v) Upon increasing the temperature to 37 °C (T > T,,), the substrate
phenylalanine (Phe) is able to permeate through the liposome membrane, to interact with the
encapsulated enzyme PAL and to be converted into trans-cinnamic acid (t-ca). b) Schematic
representation of the employed microfluidic setup. Cell media containing Phe was loaded into a
syringe attached to a pumping system and connected to a perfusion chamber with pre-cultured
human intestinal epithelial cells and the desired amount of microreactors. The physiological
peristaltic motions (peristaltic flow) in the intestine is mimicked by applying a low shear stress

(0.24 dyn cm2) and a cyclic strain (0.15 Hz).
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An encapsulation platform is needed to
preserve the activity of PAL when exposed
to biological fluids. The approach is based
on our recently reported poly(dopamine)
(PDA)-based capsosomes, which consisted
of liposomes embedded within a PDA car-
rier capsule.?!l While in most of our pre-
vious reports on functional capsosomes,
crosslinked  poly(methacrylate) — deposited
via the LbL technique was used for the car-
rier capsules,?? the single-step deposition
of PDA considerably facilitates the assembly
of this part of the microreactors. We dem-
onstrated that the function of capsosomes
was not impeded by the different carrier
capsules by co-encapsulating three different
enzymes and confirming their simultaneous
activity.?!l Herein, we aimed to advance the
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applicability of capsosomes toward a medically relevant con-
dition, namely the oral treatment of PKU. In order to achieve
this goal, multiple research challenges have to be addressed
such as improving the enzyme encapsulation efficiency of
capsosomes by replacing the liposome subunits by polym-
ersomes, characterize the structural and functional stability
of the microreactors in the GI environment, or the removal
of Phe in the intestine taking the presence of cells and the
peristalsis-like movement of the small intestine into consid-
eration. The current report focuses on the latter aspect, while
the former aspects will be addressed in detail in a separate
publication. In a first step, we encapsulated the PAL enzyme
in the liposomal subunits of capsosomes and tested the enzy-
matic activity of the microreactors by converting the sub-
strate Phe into t-ca (Scheme 1la, inset). To obtain capsosomes
which are only active close to body temperature (=37 °C),
liposomes with a phase-transition temperature (T,,) in this
range consisting of a mixture of the saturated zwitterionic lipids
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, T,, =24 °C)
and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, T,, =
41 °C) were employed.??d At room temperature (RT, 23 °C <
T,,), the saturated liposomes provide an effective sealed bar-
rier for small substrates. Upon increasing the temperature to
or above the T,, of the liposomes (=37 °C), the substrate Phe
will be able to cross the lipid membrane and be converted into
the product t-ca before being released from the compartment
again (Figure 1a-i). The PAL-containing microreactors were
assembled in tris(hydroxymethyl)aminomethane (TRIS) buffer
(100 x 1073 ™, pH 7.0) by adsorbing two precursor polymer
layers (poly-i-lysine (PLL) and poly(methacrylic acid)-co-
(cholesteryl methacrylate) (PMA,) onto 5 pm SiO, particles, fol-
lowed by the adsorption of the first liposome layer. Prior to the
addition of the second liposomes layer, a separation PMA_ layer
was deposited. The assembly was capped with a PMA, layer
and the PDA carrier capsule was assembled in a single step by
incubating the coated SiO, particles in a solution of dopamine
(10 x 107 m) in TRIS buffer (pH 8.5). After 16 h of incuba-
tion, if desired, the core (silica particle) was removed using a
2 M HF/8 M ammonium fluoride (NH,F) solution at pH 5. The
structural integrity of the yielded capsosomes (without core)
was verified by differential interference contrast (DIC) micros-
copy images. Figure la-ii demonstrates that the capsosomes
were intact, discrete, nonaggregated and maintained the
round shape of the template silica particles. The PAL-loaded
capsosomes were incubated at RT and at 37 °C in a solution
of 6 X 107® M Phe in phosphate buffer (10 x 10~3 M, pH 8.0),
and the kinetics of the enzymatic reaction was followed using
High Performance Liquid Chromatography (HPLC) by identi-
fying the t-ac product at A = 270 nm. Enzymatic conversion was
only observed for capsosomes incubated at 37 °C, but not at
RT (Figure 1b, black and white squares, respectively), and only
in the presence of Phe (Figure 1b, black and white triangles,
respectively). The results were normalized to the t-ca HPLC
peak height after 24 h of the reaction for capsososmes incu-
bated at 37 °C. The t-ca peak height at 270 nm steadily increases
for all the measured time points and the capsosomes preserved
their structural integrity after 24 h of reaction (Figure 1D, inset).
These results not only confirmed the preserved activity of the
enzyme, but they also showed that the enzyme was entrapped
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Figure 1. Characterization of PAL-loaded capsosomes. a-i) Schematic
illustration of PDA-based capsosomes encapsulating the PAL enzyme
within the liposomes. When increasing the T to 37 °C (T > T,,), the sub-
strate Phe is able to cross the lipid membrane and to be converted into
t-ca which is released from the compartment again. a-ii) DIC images of
PAL-containing capsosomes. b) Reaction kinetics of PAL-loaded cap-
sosomes incubated at 37 °C (T > T,,) (black squares) and at RT (T <
T,,) (white squares) in the presence of Phe. As controls, PAL-loaded cap-
sosomes were incubated in the absence of Phe (white triangles) and the
Phe substrate was incubated in the absence of capsosomes (black trian-
gles) at 37 °C. DIC image of capsosomes after 24 h of reaction (inset).
Scale bars are 10 pm.

within intact liposomes due to the temperature dependence of
the enzymatic conversion.

2.1.2. Recycling of the Capsosomes

Similarly to biological cells which perform successive enzy-
matic reactions within their organelles, we previously demon-
strated that capsosomes (microreactors without core) can also
conduct consecutive enzymatic reactions within their liposomal
compartments.?>? This aspect is crucial in enzyme replace-
ment therapy, since it is desired that the encapsulated PAL
enzyme remains active for an extended period of time. It is not
only difficult and expensive to obtain the required enzyme in a
highly purified and nontoxic form, but it is also beneficial for
the patient's compliance and comfort if the number of required
administration doses is limited. To confirm that the enzymatic
reaction could take place in a continuous manner, i.e., the
entrapped enzyme could be recycled; we repeated the enzymatic
conversion by replacing the product with fresh substrate over
several cycles. The results were normalized to the HPLC peak

Adv. Funct. Mater. 2015, 25, 3860-3869
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Figure 2. Enzymatic reaction in re-usable capsosomes. Normalized
HPLC readings of the enzymatic assay of PAL-containing capsosomes
incubated at RT (white circles) and at 37 °C (black squares). The enzy-
matic conversion was only observed when capsosomes were incubated
at a higher T than the T,, of the liposomal subunits. DIC image of cap-
sosomes after being re-used 6 x (inset). Scale bar is 10 pm.

height at 270 nm measured after the initial reaction at 37 °C.
The enzymatic reaction occurred at a lowest rate for the initial
reaction and the first cycle. After that, the enzymatic conversion
occurred at a similar rate for all the tested subsequent cycles
at 37 °C, while no t-ca was monitored in samples incubated at
RT (Figure 2). These results indicated that the PAL enzyme was
retained inside the liposomes, the enzymatic reaction could be
reinitiated at least six times, and that there is no detectable loss
of enzymatic activity. Additionally, capsosomes preserved their
structural integrity after the 6 cycles (Figure 2, inset).

2.1.3. Stability over Time

Apart from ensuring that capsosomes can perform the enzy-
matic conversion in a continuous manner, understanding their

ww.afm-journal.de

stability over time for storage purposes is crucial. It is desired
for any drug delivery system, that the activity is preserved for a
known amount of time. With the aim to identify for how long
the microreactors (with and without core) could be stored in
solution without suffering loss of enzymatic activity, we pre-
pared seven aliquots containing the same amount of microreac-
tors (with and without core) in phosphate buffer (10 x 1073 m
pH 8) and stored them at 4 °C. The enzymatic reaction was
conducted in subsequent days using the different aliquots. Phe
(at a final concentration of 6 X 107° m) was added before ini-
tiating the reaction which was triggered by incubating the ali-
quots at 37 °C. After 3 h, the aliquots were spun down (100 g,
30 s or 1680 g, 3 min for microreactors with and without core,
respectively) and the supernatant was analyzed using HPLC
by measuring the height of the absorbance peak of t-ca at
270 nm (Figure 3, black circles and black squares for microre-
actors with and without core, respectively). Controls incubated
at RT were conducted in parallel (Figure 3, white circles and
white squares for microreactors with and without core, respec-
tively). The activity of PAL encapsulated within the microreac-
tors slightly decreased for the first three days (i.e., a 30% and
a 10% decrease in enzymatic activity was observed for micro-
reactors with and without core, respectively). A significant loss
of enzymatic activity was observed for microreactors with and
without core after 5-6 d of storage in solution (i.e., on day 6,
=70% of the enzymatic activity has been lost for both types of
microreactor). These results suggested that microreactors with
and without core can be stored in solution at 4 °C for a max-
imum of 4 d. DIC images of microreactors with and without
core (Figure 3, inset, top, and bottom, respectively) demonstrate
that the samples were intact and nonaggregated after being
stored for 7 d. We speculate that the loss in activity was either
due to the leakage of the enzymes or due to enzyme denatura-
tion/degradation within the void of the liposomes over time.
Since the silica core did not negatively affect the perfor-
mance of the encapsulated PAL enzyme, due to the reduced
complexity in assembly and superior properties (i.e., absence
of aggregation), the subsequent experiments were performed
using capsosomes with core only. Importantly, the silica core

—e— Capsosomes (with core)-37°C
—0— Capsosomes (with core)-RT
—m— Capsosomes (without core)-37 °C
—0— Capsosomes (without core)-RT

\\

~

Normalized HPLC peak height (%)

Time (days)

Capsosome
(with core)

N

Capsosome
(without core)

/

Figure 3. Normalized HPLC readings of enzymatic assays performed at 37 °C of microreactors with and without core (black circles and black squares,
respectively) stored at 4 °C for several days. Controls in which the enzymatic reaction was performed at RT for microreactors with and without core
(white circles and white squares, respectively) were performed in parallel. Representative DIC images of microreactors with (top) and without core

(bottom) after being stored for 7 d. Scale bars are 10 pm.
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is not expected to interfere with their envi-  3)
sioned application to be used as an oral for-
mulation to treat PKU.

\

2.2. Microreactor Interaction with Cells

Since artificial cells are expected to be a pow-
erful tool in biomedical applications such as
drug delivery, we have previously assessed
the interactions of capsosomes with several
cell lines, focusing on internalization and
cell viability.?*l In order to deplete Phe from
the body, the microreactors will have to con-
duct the enzymatic reaction in the intestine,
avoiding internalization by the cells lining
the intestine wall. Therefore, understanding
the interactions of the microreactors with
human intestinal epithelial HT-29 cells is
central.

To study this aspect, we employed three
different concentrations of microreactors
(N1 = 12.3 x 106 particles, N2 = 2 x N1, 5 |
N3 = 3 x N1) containing fluorescently labeled
liposomes. Confocal laser scanning micros- ] ‘

N
1

copy (CLSM) images of the microreactors

fluorescently
labelled liposomes 204 LC

¢) microfluidic device

showed that they were nonaggregated and the
liposomes were homogeneously distributed
around the silica particle as indicated by the
homogenous fluorescence signal (Figure 4a).
We monitored the cell mean fluorescence
(CMF) of the cells by flow cytometry after
3 h of incubation with the microreactors in
24 well-plates. (Please note that the autofluo-
rescence of the cells was subtracted for all the
shown results.) The results showed that there 0
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was no significant increase in CMF when T
increasing the concentration of the micro-
reactors, indicating that already the lowest
concentration saturated the cells with either
internalized or membrane-associated parti-
cles (Figure 4b).

Next, since once reaching the intestine, the
microreactors will be exposed to a low shear
stress produced by the intestinal fluids and
to a cyclic strain due to the peristalsis-like
motions, we aim to mimic the dynamic in
vivo environment in the intestine by applying
peristaltic flow conditions to the cultured cells.

We studied the cell association/uptake of the microreactors by
employing a microfluidic setup in which we recreated the intes-
tinal flowing fluid by applying a low shear stress (0.24 dyn cm~2)
over the microchannel and by exerting a cyclic strain (0.15 Hz)
that mimics the physiological peristalsis-like motions.?* We
would like to note that the employed shear stress was
10x higher due to practical reasons than the physiological one
(0.02 dyn cm™). This microfluidic set up (Scheme 1b) better
mimics the environment the microreactors will experience in
the intestine when interacting with the cells than when cultured

0
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Figure 4. Microreactor interaction with cells. a) CLSM images of mircoreactors containing
fluorescently labeled liposomes. Scale bar is 10 pm. b) Cell mean fluorescence (CMF) of HT-29
cells associated with microreactors containing fluorescently labeled liposomes at three dif-
ferent amounts (N1 =12.3 x 10 particles, N2 =2 x N1, N3 = 3 x N1) after 3 h of incubation
in 24 well-plates. c) CMF of HT-29 cells associated with microreactors containing fluorescently
labeled liposomes in the absence (1) or presence (7,) of a peristaltic flow generated by means
of a microfluidic device. (n=3, * p < 0.05.) CLSM images of fixed HT-29 cells exposed to micro-
reactors at 7o (top images) and 1, (bottom images). The images were taken at a two different
z-planes: on the top of the cells (left side images) and at the bottom of the sample (right side
images). The cell nuclei and actin filaments were stained. Scale bars are 50 pm.

in a static well-plate model. Figure 4c depicts the CMF of HT-29
cells upon exposure to microreactors containing fluorescently
labeled liposomes in the microfluidics device in the presence
(T,) or absence (7o) of peristaltic flow. The results indicated
that at 7,, the amount of microreactors associated/internal-
ized by the cells was significantly decreased. We speculate that
upon application of 7, some of the microreactors get washed
away and/or the residence time of the microreactors on the cell
membrane was decreased or altered, and therefore, the asso-
ciation/uptake was lowered. To verify that the microreactors
were not internalized but associated with the cell membrane,

Adv. Funct. Mater. 2015, 25, 3860-3869
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the cell nuclei and actin filaments were stained and the sam-
ples were examined by CLSM. Figure 4c shows a representative
CLSM image of fixed HT-29 cells exposed to microreactors at 7,
(top) and 7, (bottom). The images on the left side correspond
to a z-plane on top of the cells while the images on the right
correspond to a z-plane of the bottom of the sample. It could
be observed that the microreactors remained outside the cells
for 7y and 7, confirming that the vast majority of the micro-
reactors were not internalized by the cells. The CLSM images
at 7, (Figure 4c, top right) revealed internalization of the fluo-
rescent lipids from the microreactors by the cells (as shown by
the brighter fluorescence intensity of the cells), explaining the
higher CMF measured by flow cytometry. It is interesting to
note that upon application of 7,, the amount of internalized flu-
orescent lipids was lower, which is favorable for our application
in mind. We have previously reported the assembly of liposome
containing PDA films and evaluated their potential in surface-
mediated drug delivery where we showed that different cells
can internalize fluorescent lipids from the surface.’>! In this
current study, we demonstrated that fluorescent lipids could
also be internalized from liposomes within a PDA coating by
cells when administered from the top. This fact could be of
interest to deliver hydrophobic cargo from a solution-based
drug delivery perspective.

2.3. Enzymatic Reaction of Microreactors in the
Presence of Cells

Since liposome containing microreactors will have to conduct
the enzymatic reaction in the intestine, assessing the activity of
the PAL-loaded microreactors in the presence of cells is another
key aspect to address. In general, only few published reports
have considered the biological environment when performing
encapsulated biocatalysis, focusing on intracellular activity.
Hunzinker and co-workers were the first ones to report encap-
sulated enzymatic activity inside of cells.?®l They reported the
design and assembly of nano-sized polymer vesicles which were
subsequently loaded with the enzyme trypsin. The polymer
vesicles were internalized into macrophages and an enzymatic
reaction in which a specific substrate was converted into a fluo-
rescent product was performed intracellularly. Follow up work
on encapsulated enzymatic reactions performed intracellularly
remain scarcel®?7) and, to the best of our knowledge, none of
the multicompartment systems reported to date has shown
encapsulated enzymatic activity in the presence of cells. Since,
our goal is to deplete Phe from the intestinal lumen; therefore,
our microreactors should and are not being internalized by the
human intestinal cells. Herein, we advance the artificial cell
concept by performing, for the first time, an enzymatic reaction
extracellularly.

We first assessed the enzymatic conversion of Phe by sev-
eral concentrations of PAL-containing microreactors in the
presence of cells and in PBS as a control in 24 well-plates. We
incubated different amounts of microreactors (N1 = 12.3 x 10°
particles, N2 =2 x N1, N3 = 3 x N1) for 3 h at a final concentra-
tion 6 x 107° M of Phe in 24 well-plates in the presence of cells
(and full cell media) or in PBS. After the incubation time, the
supernatant was removed and analyzed by HPLC. The height of

Adv. Funct. Mater. 2015, 25, 3860-3869
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Figure 5. a) Enzymatic conversion of Phe into t-ca by PAL-loaded micro-
reactors at three different concentrations (N1 = 12.3 x 10 particles,
N2 =2 x N1, N3 = 3 x NT) incubated in the presence of HT-29 cells
(and full cell media) or in PBS for 3 h. b) Normalized cell viability of
HT-29 cells after conducting the encapsulated enzymatic reaction for 3 h.
The results have been normalized to cells incubated in cell media only
(n=13,*p<0.05).

the absorbance peak at 270 nm corresponding to t-ca was meas-
ured. Upon increasing the concentration of particles, the signal
corresponding to t-ca also increased (Figure 5a). Interestingly,
for the same amount of particles, no significant differences in
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t-ca peak height were observed for particles incubated in the
presence of cells or in PBS. This fact demonstrates that the
presence of cells did not negatively affect the PDA membrane
or the liposomes encapsulating the enzymes, allowing for the
equal performance of the microreactor in PBS and the bio-
logical environment. Next, a cytotoxicity assay was conducted
with the aim to ensure that neither the microreactors nor the
enzymatic reaction impaired the cell viability. Figure 5b shows
that there was no significant decrease in cell viability after per-
forming the enzymatic reaction for 3 h at the three employed
amounts of microreactors, confirming the absence of inherent
cytotoxicity in our approach. Importantly, there was also no
decrease in cell viability for cells incubated in the presence of
6 x 107° M Phe or 10 x 107 m t-ca, demonstrating that neither
the substrate or the product of the enzymatic reaction are cyto-
toxic at the reported concentrations.

We next aimed to assess the enzymatic performance of the
microreactors at T,, to confirm that neither the shear stress
nor the cyclic strain did damage the polymer membrane or
the liposomes. By doing so, the PAL-containing microreactors
were tested for their ability to conduct the enzymatic reac-
tion after being exposed to a dynamic environment similar
to the one they will encounter in the intestine. N1 microre-
actors were placed in the channel of the microfluidic set up
with preseeded cells, and 7, was applied for 3 h, since the
mean residence time in the small intestine ranges from
2-5 h.”l Next, Phe at a final concentration of 6 x 107 M was
added to the channels and allowed to incubate for an extra 3 h
at 7,. As controls, the enzymatic reaction at 7, was performed
in a channel containing preseeded cells with N1 microreac-
tors, in a channel containing preseeded cells without micro-
reactors, and in a channel containing microreactors incu-
bated in PBS without preseeded cells. The supernatant was
removed from the channels and injected into the HPLC. The
height of the peak corresponding to t-ca at 270 nm was meas-
ured. There was no significant difference in peak height when
comparing the amount of t-ca produced by microreactors at
T, compared to 7, As expected, there was no t-ca conversion
when no microreactors were added to the sample (NO) and,
importantly, there was no significant difference in the amount
of converted t-ca when N1 microreactors where incubated
at 7y and in the absence of cells (Figure 6a). These results
confirm that neither the presence of cells nor the peristaltic
flow applied had a significant influence in the microreactor
performance. A cytotoxicity assay was also conducted after
performing the enzymatic reaction, confirming that neither
the peristaltic flow applied for 3 h nor the enzymatic reaction
conducted afterward diminished the cell viability (Figure 6b).
These results demonstrated, for the first time, the suc-
cessful extracellular activity of an enzymatic microreactor in a
dynamic environment.

Additionally, we assessed if the enzymatic reaction could take
place while applying the peristaltic flow. N2 microreactors were
placed in the channel of the microfluidic set up. Full cell media
containing Phe to a final concentration of 0.6 X 107> M was
placed in the syringe reservoirs. 7, was applied for 3 h. A con-
trol without the peristaltic flow (1) was conducted in parallel.
After the required incubation time, the cell media from the
reservoirs was freeze-dried, resuspended in PBS and injected
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Figure 6. a) Enzymatic conversion of Phe into t-ca by PAL-loaded micro-
reactors (N1 = 12.3 x 10° microreactors) incubated in the presence of
HT-29 cells (and full cell media) or in PBS for 3 h after the presence (1)
or absence (1p) of peristaltic flow for 3 h. b) Normalized cell viability of
HT-29 cells after conducting the aforementioned encapsulated enzymatic
reaction at 1, or T,. The results have been normalized to cells incubated
in the perfusion chamber at 1.

into the HPLC. The height of the peak measured at 270 nm
corresponding to t-ca demonstrates that the enzymatic reaction
can also take place while peristaltic flow is applied (Figure S1,
Supporting Information).
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3. Conclusion

We have demonstrated that liposome containing microreactors
were able to perform an encapsulated enzymatic reaction in the
presence of cells after and while being exposed to peristaltic
flow which mimics the dynamic environment that the micro-
reactors will experience in the intestine. The results therefore
represent a significant step toward a functional artificial cell.
Although several challenges still remain to be addressed such
as the stability and functional performance of microreactors in
GI fluids, we, for the first time, have moved on from model
enzymes to encapsulating a therapeutic enzyme and demon-
strating the potential of our microreactors toward the treatment
of a medical condition, i.e., the treatment of PKU.

4. Experimental Section

Materials: Poly(L-lysine) (M,, 40 000-60 000), dopamine hydrochloride,
sodium chloride (NaCl), tris(hydroxymethyl)aminomethane (TRIS),
phenylalanine (Phe), trans-cinnamic acid (t-ca), ammonium fluoride,
HF, sodium phosphate dibasic, sodium phosphate monobasic,
paraformaldehyde, Triton X-100, 4’,6-diamidino-2-phenylindole (DAPI),
phalloidin, chloroform, acetonitrile (MeCN), methanol, trifluoroacetic
acid (TFA), pancreatin, and bile salt mixture were purchased from Sigma-
Aldrich. Silica particles (4.8 or 5.6 ym diameter) were purchased from
Microparticles GmbH, Germany. Zwitterionic lipids, 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC, phase transition temperature 24 °C),
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, phase transition
temperature 41 °C), and fluorescent lipids 1-oleoyl-2-[6-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)amino]hexanoyl]-sn-glycero-3 phosphocholine (NBD-
PC) were purchased from Avanti Polar Lipids, USA. Poly(methacrylic
acid)-co-(cholesteryl methacrylate) (PMA,, M,, 33 kDa) was synthesized
according to a previously published protocol.?8l Histidine-tagged variant
of the Anabaena variabilis PAL enzyme, bearing C503S, C565S and F18A
point mutations were expressed and purified based on the protocols
described in our previous publication.?’l Water from the Millipore water
system (Milli-Q gradient A 10 system, resistance 10 MQ cm, TOC < 4 ppb,
Millipore Corporation, USA) was used for all the experiments.

Liposome  Formation: Unilamellar zwitterionic liposomes were
prepared by evaporation of the chloroform of the lipid solution
(2.5 mg) under nitrogen for 1 h, followed by hydration with 1T mL of TRIS
buffer (TRIS 100 x 107 m, pH 7.0) at 37 °C containing 0.5 mg of the
PAL enzyme. For fluorescently labeled liposomes, 6 wt% of NBD-PC
was added to the lipid solution. Each solution was extruded through
200 nm filters 11 x followed by an extrusion through 100 nm filters. The
extrusion was performed at 37 °C. Liposomes with sizes of =120 nm
were obtained.

Capsosome Assembly: A suspension of SiO, particles (5 wt%) TRIS
buffer was incubated with the polymer precursor layer, PLL (1 mg mL™,
10 min), and washed three times in TRIS buffer (100 g, 30 s) followed
by the adsorption of a PMA_ layer (0.7 mg mL™", 10 min), washed 3X in
TRIS buffer and suspended in a liposome solution (2.5 mg mL™", 50 min,
37 °C), washed 3x in TRIS and incubated in a PMA_ solution again
(0.7 mg mL™", 15 min, 37 °C), washed 3x in TRIS, followed by the
absorption of a second liposome deposition step (2.5 mg mL7,
50 min). The samples were then washed 3x in TRIS followed by the
adsorption of a PMA capping layer (0.7 mg mL™", 15 min, 37 °C). When
employing fluorescent lipids, the samples were covered with aluminum
foil to avoid the exposure of the fluorescent dyes to light and possible
photobleaching. After absorbing the PMA, capping layer, the core-shell
particles were washed 3x in a TRIS solution (10 x 10 m, pH 8.5) and
the PDA shell was deposited by incubating them in a dopamine solution
(8 mg mL™" in a TRIS solution (10 x 1073 m, pH 8.5)) for =16 h. After the
incubation time, the particles where washed 3x in a TRIS solution (TRIS
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10 X 1073 m, 150 x 1073 m NaCl, pH 7.4). For capsosomes without core,
silica particles were dissolved using a 2 m HF/8 M ammonium fluoride
(NHg4F) solution at pH 5 for 2 min, followed by multiple centrifugation
(1680 g, 5 min) washing cycles in Milli-Q. Since in our previous
report we employed unsaturated liposomes for the PDA-capsosomes
assembly,?!l to confirm the adsorption of liposomes composed of
saturated lipids (DMPC/DPPC) in the new PDA-capsosomes, we
monitored the capsosomes assembly on colloids by flow cytometry
employing fluorescently labeled liposomes (Figure S2, Supporting
Information). The results demonstrate that two layers of liposomes
could be deposited and that the second liposome deposition step
contained =5x more liposomes than the first one, results that are in
agreement with our previous, in which a higher liposomal loading was
also achieved in the second liposome deposition step.[?'!

Dynamic Light Scattering (DLS): The size and polydispersity (PD) of
the liposomes was determined by diluting 30-50 pL of sample solution
in =700 pL of MQ prior to measuring in a DLS instrument (Zeta-sizer
nano, Malvern Instruments) using a material refractive index of 1.590
and a dispersant (water at 25 °C) refractive index of 1.330. Liposomes
were found to have a diameter =120 nm with a PD < 0.15.

Differential Interference Contrast (DIC) Microscopy: DIC images of
capsosomes with or without core were taken with an inverted Zeiss
microscope Axio Observer Z1 (Zeiss, Germany) equipped with a DIC
slider, the corresponding filter sets and a 63X oil immersion objective.

Confocal Laser Scanning Microscopy: Microreactors containing
fluorescently labeled liposomes were imaged with an Axiovert
microscope coupled to an LSM 700 confocal laser scanning module
(Zeiss, Germany).

Flow Cytometry: The number of capsosomes (with or without core)
was quantified by flow cytometry using a BD Accuri C6 flow cytometer.
At least 10 000 particles were analyzed in each experiment and at least
two independent experiments were performed.

Enzymatic Reactions: Kinetics of Enzymatic Conversion of Phe: 100 pL
of a suspension containing 9.9 x 10* capsosomes loaded with PAL-
containing liposomes was allowed to interact with a solution 6 X 1078 m
of Phe in phosphate buffer (10 x 107 m, pH 8) at 37 °C or at RT (23 °C).
The conversion of Phe into t-ca was measured by spinning down the
capsosomes (1680 g, 3 min) and 90 pL of the supernatant were injected
ina HPLC.

Cycling of the Enzymatic Conversion of Phe: 110 L of a 2.8 x 107
capsosome suspension containing Phe (6 x 107 m in phosphate buffer
(10 x 1073 m, pH 8)) was incubated at RT (23 °C) or 37 °C for 1 h. The
absorbance readings were monitored over time at 270 nm via HPLC.
The capsosomes were centrifuged (1680 g, 3 min), and the supernatant
(containing t-ca) was removed and replaced by fresh Phe solution,
followed by incubation at a given temperature and HPLC measurement
(90 pL).

Stability over Time of PAL-Containing Microreactors: 7 aliquots of
110 pL suspensions of 12 x 10° microreactors (with or without core)
in phosphate buffer (10 x 107 m, pH 8) were stored over days at 4 °C.
Each day one aliquot was incubated at 37 °C for 3 h with Phe 6 X 107® m.
The microreactors were centrifuged (100 g, 30 s, (with core) or 1680 g,
3 min (without core)) and 90 pL of the supernatant were injected into
the HPLC to monitor the t-ca conversion at 270 nm. Analytical HPLC
was performed on a Shimazdu LC-2010A HT system equipped with an
Ascentis Express Peptide ES-C18 column with 2.7 pm particles, a length
of 15 cm and an internal diameter of 3.0 mm from Supelco. The product
t-ca was identified at A = 270 nm. The system was run at a flow rate of
4.0 mL min™', 90 pL of injection and a gradient = 0%-2% B for 5 min,
2%-35% B for 3 min and 35%-55% for 12 min (A = 0.045% TFA in H,0
and B =0.05% TFA in MeCN).

Cell Experiments: The HT-29 human colorectal adenocarcinoma cell
line (ATTC) was used for all the experiments. The cells (1 000 000 cells
per flask in 20 mL of media) were cultured in 75 cm? culture flasks
in media (McCOY’S 5A with NaHCO; supplemented with 10% fetal
bovine serum, 2 x 1073 m glutamine, 50 ug mL™" penicillin, 50 pg mL™
streptomycin, all purchased from Sigma-Aldrich) at 37 °C and 5% CO,.
To perform 3 h long continuous flow experiments, cells were seeded at
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a density of 1 000 000 cells per channel in 300 pL media into closed
perfusion chambers (p-slide | 0.8 Luer, tissue culture treated, Ibidi
GmbH, Munich, Germany) and at a density of 500 000 cells per well in
0.5 mL of media onto a 24-well plate and allowed to attach for 24 h at
37 °C and 5% CO,.

Cell Association/Uptake Experiments: 24 Well-Plates: 300 pL cell media
containing microreactors with fluorescently labeled liposomes at three
different concentrations (N1 = 12.3 x 10°, N2 = 24.6 x 10, and N3 =
36.9 x 10° particles) were added to the wells and incubated for 3 h.

Microfluidic Set-Up: 300 pL media containing microreactors with
fluorescently labeled liposomes at a concentration N1 = 12.3 x 10°
particles was added to the channel. 12 mL media was added to the
reservoir (syringe) of the commercial ibidi pumping system (Ibidi
GmbH, Munich, Germany) as depicted in Scheme 1b. The perfusion
chamber was connected to a first fluidic unit to create a unidirectional
flow (with a shear stress of 0.24 Pa) followed by a second fluidic unit
which periodically interrupted to create a pulsation of 0.15 Hz (). Both
fluidic units and the perfusion chambers were placed in the incubator
(37 °C and 5% CO,). As controls, 300 pL media containing sample and
300 pL media without sample were added to two perfusion chambers
not connected to the fluidic units (i.e., static conditions, 7). The
perfusion chambers were incubated for 3 h. After the 3 h incubation
time, the wells or channels were washed with PBS (200 pL) 2x, followed
by the addition of trypsin (200 pL, 5 min) to detach the cells. The cells
were harvested by washing the wells or channels with PBS (200 pL) 2x
and analyzed by flow cytometry. The autofluorescence of the cells
was subtracted in all present results by subtracting the CMF of cell
cultured in the absence of any microreactors from the cells cultured in
the presence of the microreactors. At least 3000 cells were analyzed.
For fluorescence imaging, the HT-29 cells were washed with PBS
(200 pL) 2x and fixed using a 4% paraformaldehyde solution for 20 min
followed by multiple PBS washing steps. For staining, the cells were
permeabilized using T-PBS (0.1% Triton X-100 in PBS, 15 min) and their
nuclei and actin filaments were stained by incubating them in a solution
of 4,6-diamidino-2-phenylindole (DAPI, 2.5 yg mL™") and phalloidin
(0.1 ug mL™"y in PBS for 1 h. The samples were washed 3x with T-PBS
and 1x in PBS. The images were taken with a confocal laser scanning
microscope (LSM 710, Zeiss, Germany).

Enzymatic Reactions: 24 Well-Plates: 300 pL cell media or PBS
containing microreactors with PAL-loaded liposomes at three different
concentrations (N1 = 12.3 x 10° particles, N2 =2 x N1 and N3 =3 X
N1) were added to the wells and incubated for 3 h.

Microfluidic Set-Up: 300 pL media containing microreactors with
PAL-loaded liposomes at a concentration N1 = 12.3 x 106 particles was
added to the channel. The same procedure was followed as previously
described for the cell association/uptake experiments. As controls,
300 pL of media containing sample and 300 pL of media without sample
and 300 pL of PBS containing sample were added to three perfusion
chambers not connected to the fluidic units (i.e., static conditions). The
perfusion chambers were incubated for 3 h. After the incubation time,
5 pL Phe (5 mg mL™" in PBS) or t-ca (1 mg mL™" in PBS) were added to
the wells or channels and allowed to incubate for 3 h in static conditions
(i-e., without the fluidic units). Following incubation, the supernatant
was removed and passed through a centrifugation filter (MWCO 3k,
14 000 rcf, 25 °C, 30 min) prior to injection into the HPLC. For the
enzymatic reaction under peristaltic flow, 300 pL media containing
PAL-loaded microreactors at a concentration of N2 = 24.6 x 10°
particles were added to the channel. 12 mL media containing Phe at
a concentration 0.1 mg mL™" was added to the reservoir (syringe) of
the pumping system. The peristaltic flow was applied as previously
described for 3 h. After the incubation time, the cell media was removed
from the chambers and reservoirs, passed through a centrifugation filter
(MWCO 3k, 14 000 rcf, 25 °C, 30 min) and freeze-dried. The lyophilized
powder was resuspended in 200 pL PBS and injected into the HPLC.

Cell Viability: For the cell viability experiments, the channels and the
wells were flush washed with PBS (200 pL) 2x and cell media (200 pL)
1x followed by adding 200 pL of a mixture containing 180 pL of cell
media and 20 pL of the assay cell solution Cell Counting Kit-8 (Doijindo)
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to each channel or well for 2 h at 37 °C and 5% CO,. After incubation,
200 pL of the cell media/counting kit mixture were transferred to a
96-well plate and the absorbance at 460 nm was monitored using
a multimode plate reader (PerkinElmer). All cell experiments were
performed in three independent repeats. The statistical significance
(p value) used to compare the distribution of samples was determined
using a 1-way ANOVA with a confidence level of 95% (a = 0.05),
followed by a Tukey's multiple comparison post hoc test. (* =p < 0.05,
#% =p < 0.01, %% =p < 0.001.)

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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